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SUMMARY

A thermodynamic model of combustion and radi-
ation in the plume of a pyrotechnic flare has been
constructed for the purpose of predicting radiant
efficiencies of untried formulations.

Plume properties and flow are modeled in one
dimension only--paralicl to the axis of the plume.
The plume composition is derived from the equili-
bration of the binder, oxidizer, admixed air, and
a portion of the metal fuel particles. Thz vapori-
zation nof fuel is assumed to be the slow step in
the reaction. Energy losses are assumed due to
radiaticn only. Energy transfer along the axis
of the piume by radiative or other machanisms is
ighored.

The starting point is taken in the gas phase
Just above the flare surface. All of the binder
end oxidizer are assumed to have reacted, along
with enocugh of the fuel (5-10%) to raise the adia-
batic fleme temperature to about 1000 K, in accord
with experimentally deduced vadlues.

EquiTibrium temperatures and species concen-
trations are computed at closely:spacad points
from the starting point, proceeding parallel <o
the plume axis, until well into the tail of the
plume where temperatures have dropped to the point
where the radiation of interest is essentially
zero. Increments of air and of any remaining fuel
are added to each point. Radiation losses for all
of the important radiative processes and for the
processes of interest are computed for the interval
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between each pair of points and are subtracted
from the enthalpy used in calculating equilibrium
properties at the next point.

For a test of the model magnesium-fuesled
flares with a sodium-containing oxidizer and an
organic binder were chosen. It was assumed that
the most important radiative processes were so-
dium-D emission and graybody emission. A radia-
tive transfer model in an optically dense medium
was constructed for computing sodium-D emission.
Graybody radiation was taken as proportional to
the fqurth power of the lecal temperature.

A computer program was obtained for perform-
ing the calculations by modifying a program in
the literature.

There were a number of parameters whose values
could not be determined a priori. These included
the rates of air mixing and of fuel consumption,
the absolute rates of radiation, and the plume
spreading angle. The functional form of these
quantities was deduced from theory or arbitrarily,
and the absolute values were adjusted so as to
give agreement with observations of plume shape,
the point of maximum brightness, the total visible
Tength, and the luminous efficiency for a limited
set of observations.

Computations were then performed for a wide
range of fuel/oxidizer ratios, oxidizer formulas,
binder percentages, ambient pressures, and am-
bient compositions and compared with experimen-
tal values from the literature. Agreement

iv




between computed anc literature values of Tu-
minous efficiency varied from moderate to good.

Modi fications were indicated by which the pivo-
gram can be used for formulas where other types of
radiation are of interest. An example suggested o
is the calculation of the green radiation at 5200 A
from the *m excited electronic state of the BaCi
radical.

It was recommended that the necessary data be
acquired and.modifications made so that the program
could be applied to colored flares or to infrared
flares. It was also recommended tihat the model
be refined (1) by a reoptimization of the arbitrary
input parameters (rste of air mixing, etc.), (2) by
modifying the fuel input (vaporization) to take ac-
count of local oxygen concentration, and (3) by
including a consideration of the heat feedback

parallel to the plume axis.
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PREFACE

This work is part of axlarger program directed
at a better understanding nf pyrotechnic flare com-
bustion and radiation. Besides modeling, the pro-
gram includes high resoluticn spectroscopy and band
radiometry in the visible and infrared wavelengths.

Thanks are due to Drs. Harold Sabbagh, Henry
Webster, Carl Dinerman, and John O'Benar of NWSC
for helpful cumments on the manuscript.

The typing and editing of this report by
Miss Karla Harker is greatly appreciated.
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INTRODUCTION

Many experimental and theoretical studies of
the combustion of flares have been made to determine
the details of the combustion and Tight emission
processes so that a better understanding of their
operation could point the way to devising flares
of greater luminosity or color purity.’"v Model -
ing of related phenomena has also been done.®

The task of the present study has been to con-
struct a theoretical model of flare combustion
which would incorporate all the experimental ob-
servations and at the same time test them for con-
sistency. The goal is to be able to predict
radiant efficiency of new formulations at selected
wavelengths or spectral bands. In addition, it
may be possible to gain additional information on
details of the flare combustion--such as actual
flame temperatures, the emissivity of the smoke,
and burning times of the fuel particles.

Some of this work has been reported previ-
ously.®
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EXPERIMENTAL BACKGROUND

For initial tests of the model, we have taken
the magnesium/sodium nitrate/organic binder flare
composition as an example, since this composition
represents the most common military illuminating
flare, and the one most thoroughly observed.

Various evidence indicates a temperature of about
1000 K at the burning surface: It has been ob-
served, using high speed photography, that most
magnesium particles (m.p. 922 K) melt and ignite
a few milliseconds before ejection from the solid,
while some ignite a short distance away from the
surface. Furthermore, decomposition of sodium
nitrate, which produces the gas to blow the mag-
nesium out of the flare, has been shown to take
piace very rapidly at 1000 K'° at perhaps the same
rate as in the surface of a burning flare.

Finally, ignition temperatures of magnesium dust
in air have been reported to be about 900 K.''

Plume temperatures have been determined by
thermocouples'z and by absolute brightness measure-
ments'® at the frequencies of the two maxima ian
the broadened sodium D line (~5800 and 6000 R).
Both types of measurements yield maximum tempera-
tures in the vicinity of the corg.uted adiabatic
temperature, although they are uncertain by several
hundred degrees. The position of the maximum
temperature is found within a few inches of the
surface in the thermocouple measurements cited.




Observations'® indicate that the region of
greatest brightness begins about one diameter from

the surface. For stoichiometric mixes, the brightest

region is fairly concentrated, whereas for fuel-
rich mixes it is well spread out along the length
of the plume.®

The shape of the flame and smoke plume de-
pends on the orientation of the flare and on the
surrounding air flow. For a flare burning uprignt
in still air, the plume can be approximated as
cone-shaped, with an apex angle of 15-30°. Plumes
of large diameter (11 cm) flares may be luminous
for a length of 1.5 to 2 meters to a point where
the photometric brightness has decreased by a fac-
tor of about 10° from the maximum value.

Power spectra indicate that most of the lumi-
nous intensity is from the sodium D radiation,'*®
a doubiet of wavelength 589 nm. This radiaticn
accounts for about 8% of the total heat of combus-
tien in flares which have been optimized for
efficiency of Tuminous output.




THE MODEL
Flow in the Plume

Combustion of a flare is quite complicated. In
: the body of the flare many reactions occur as the
- binder and oxidizer break down. Three phases are
present near the surface as bubbles of gas push
their way past remaining liquid and solid.

In the plume itself, the overall flow of material
in three dimensions is complicated by strong local
turbulence. A further complication of the flow is
a detectably different movement of the gases and of
the heavier particles.'® |

Equilibration of the reactants is slowed in
many formulations by the high reaction temperatures
of the metal particles.

Transfer of heat within and out of the plume
occurs by a variety of radiation and conduction
processes. The radiation is complicated in many
flares by the light scattering of a highly reflec-
tive smoke.

The primary goal of this project was to pre-
dict radiative cutput rather than the details of
combustion and flow. Therefore many simplifying
assumptions were made regarding these latter
phenomena.

First of all, the plume was modeled in one
dimension with the flow of gases in one direc-
tion only--parallel to the plume axis. This most
closely approximates the case of a flare burning
upright, or else pointed downward in a forced
downdraft.
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The expansion of the plume perpendicular to
the axis depends not only on the amount of air
entrained but on viscous friction at the nlume
surface. Since this friction was not included in
the model, the plume shape was arbitrarily speci-
fied as a cone, with apex behind the burning sur-
face, as shown in Figure 1. Since the properties
perpendicular to the axis were taken as constant
the problem is still one-dimensional.

While the turbulence of the plume flow was
not modeled, one of the major effects of turbu-
lence--the entrainment of the surrcunding environ-
ment (usually air)--was included. The model as-
sumes continuous addition of air along the plume
at an arbitrarily specified rate.

Conditions for the conservation of momentum
in the plume are not imposed by the model. How-
ever an ad hoc calculation is made of the momen-
tum change in the forward direction due to addi-
tion of environment (air).

We start with mv = mF/Ap1, where m is the mass
of the cross-sectiornal slice of plume under con-
sideration, F is the total mass flow across a
cross-sectional plane, A is the cross-sectional
area, and p, is the plume density. The change in
piume density due only to the addition of the
environment is given approximately by

do, o (o, - 0,)
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FIGURE 1. Plume parameters, labeled with the variable names
used in the computer program. See Table A-1 in Appendix A.
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where P, is the air density and R is the weight
ratio of air to initial composition.

The change in A is computed from the assumed
plume shape; and the change in the product mF.-equals
the initial value, moFo, times R. We then find:

amv mF(2+R)[p +p dR Tn A
v x 20 2 ! ax - (1 + R)—qf——] (1)
ax ]mixing Ap Pa

where x is paraliel to the plume axis.

If at any time the quantity in brackets is found
to be pcsitive a warning is printed out. When

a cone-shaped plume is assumed it can be shown
that the admission of air at a rate constant in
distance will generally cause this quantity to
be less than zero, as desired.

Temperature and Energy

A complete model of a flare flame in one dij-
mension would satisfy the condition that the net

energy flow into a point is zero (compare Eqn. 5.2
of Ref. 16):

GOSN - cvedt v T - R(T) =0 (2)

The first term represents heat transport in the
direction of the flow by simple conductivity, radi-
ation, and local turbulence. The second term repre-
sents net pheat transport due to flow of material

e e




containing a temperature gradient. The third

term represents generation of heat by chemical
reactian. The fourth term is loss of heat to the
outside (perpendicular o the direction of flow)

by radiation and simple conduction. Q and R are
strongly dependent on temperature. In general, the
thermal conductivity k, heat capacity cp, velocity
Voo and density p have a much weaker temperature
dependence.

With relatively minor simplifications, Eqn. (2)
could reasonably be applied to the case of a flare
plume, using the numerical techniques ewployed here,
However, for a first effort, to save considerable
programming and computer time, the first term in
this equation (the thermal conductivity) was
dropped. Since this term represents the thermal
feedback, which aids greatly in driving the reaction,
particularly in ti2 early stages, it was neces-
sary to arbitrarily specify Q rather than model
it on physical principles, in order to get realis-
tic results. This was done by arbitrarily speci-
fying the rate at which the metal fuel enters the
chemical reaction by vaporization, as will be ex-
plained in the section "Reactions in the Plume".

The Toss of neat to the outside, represented
by R(T), was broken into several parts to repre-
sent different types of radiation processes. Tne
functional form of each was modeled to a first
approximation. Non-radiative losses to the out-
side can be safely ignored. Thermal conductivity
by molecular diffusion should be relatively small,
Heat loss due to mixing in of air at the plume




surface is aneady taken into account by including
this air with the reactants.

Equation (2) without the first term is solved
numerically using a modification of the NASA com-
puter program for complex equilibria.'” The origi-
nal program computes equilibrium compositions and
temperatures from a given set of reactant materials
and their enthalpies. Modifications were added
to cause the program to automatically recompute
equilibrium a specified number of times to repre-
sent ciosely spaced points along the plume. At each
point, increments of air and of magnesium are
added to the amount of initial reactants, tc repre-
sent the continual mixing in of air and vaporiza-
tion of magnesium. Radiation losses are computed
based on temperature and emitter (sodium atom)
cancentrations at each point. These losses are
subtracted from the enthalpy used in computing
equilibrium at the next point. In this way, a
temperature, composition, and radiation profile
are constructed along the length of the plume. The
radiant outputs are added up for all of the points,
separately for each emission process, to obtain the
total output of the amount of material considerdd.

The values of p computed thermodynamically at
each point are used to recompute Vs and thus vari-
ations of cp, Voo and p with changes in composition,
temperatufe, and degree of reaction are automati-
cally taken into account.

If it were desired to include thermal feedback,
term number 1 of tqn. (2), several iterations would
need to ba made at each distance increment in the




plume. The value of k which includes radiation,
ccnduction, and turbulence contributions, would
have to be specified, along with its temperature
dependence, perhaps as one or two adjustable para-
Y meters.

Initial Conditions

The ideal starting point for the computations
would be in the flare body a2t ambient temperature,
well behind the burning surface. However, the il-
Tumination produced by the flare body is negli-

- . gible, and probably its radiation at longer wave-
lengths can alseo be safely ignored because of its
small size and Tow temperature compared to the
plume. Therefore, to avoid the complications of
madeling the processes taking place in the solid,
particularly at the surface, and having to con-
sider heat transfer to the surface, the computa-
tion is started in the gas phase at the burning
surface. For the magnesium/sodium nitrate flare,
a temperature of 1000 K is assumed. This is

in reasonable agreement with the observations
quoted earlier.

We must require that the change from ambient
temperature to 1000 K occurs adiabatically. This
is vecause of the neglect of the heat feedback
(term number 1 of Eqn. (2)) and the assumption of
no heat loss by the flare body. Just enough of tne
original fuel is assumed to have vaporized and en-
tered the reaction to fulfill this adiabatic

10




condition. The remainder of the fuel has not yet
entered the reaction. Under equilibrium conditions
at 1000 K most oxidizers and binders are well de-
composed.

Reactions in the Plume

Binder and oxidizer arsz assumed to have com-
pletely decomposed on leaving the flare surface.
The magnesium ig assumed to leave the surface
in the form of the original particles, which grad-
ually vaporize during flight.

Mixing and chemical equilibration among the
decomposition products of binder and oxidizer,
the magnesium vapor, and the entrained air is as-
sumed to be instantaneous. This is in agreement
with propellant models, where the thickness of the
flame reaction zone above the burning surface has
been calculated to be of the order of millimeters.®

The rate-of reaction is then determined by the
rate of vaporization of the magnesium and the rate
of entrainment of air. An expression for the rate
of vaporization of the magnesium particles as a
function of local temperature and chemical en-
vironment (oxygen concentration) based on avail-
able particle burning models could be incorpo-
rated into the flare combustion modei. But be-
cause of the mutual interaction between temperature
and rate of burning, it would then be necessary to
include the heat feeaback term of Egn. (2) in order
to get the reaction started in a reasonable time.
Since this term was omitted, the next best alterna-
tive was to specify a rate of vaporization of

11




magnesium. For want of better knowledge, we as-
sumed that the magnesium vaporized at a constant
rate in time until consumed. In fact, this is a
crude compromise between the acceleration of the
burning rate due to the increase in temperature
when proceeding out into the plume and the decele-
rating effects of the decrease in particle size
(surface area) and the accumulation of combustion
products near the surface. ‘

It should be pointed out, however, that due to
neglect of heat feedback, the computed progress
of the temperature of reaction will lag behind
the real temperature for any degree of combustion.

An option was included in the computation to
terminate vaporization of the magnesium before the
particles are completely consumed. This option is
useful for testing the hypothesis that certain
fuels (e.g. aluminum) give Tower output than ex-
pected due to incomplete combustion.

The magnesium particles were assumed to be at
the local temperature or at the normal boiling
point, whichever was lower., Appropriate correc-
tions to the total enthalpy were made for the
heat content of the unvaporized magnesium.

Radiation

As stated before, energy loss to the outside
is taken to consis. entirely of radiation. A .num-
ber of kinds of radiation processes may be included,
each with its own dependence on temperature and
concentration of emitting species. Possibilities

.
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include simple atomic 1ine emission, atomic line
emission in an opticaily dense medium, molecular
band emission, and graybody radiation.

The computer program is presently set up with
two radiation terms--scdium-D line emission in an
optically dense medijum and graybody radiation.
Thus, the program can compute lTuminous intensity
for any case where emission of a molecular species
or of an atomic species other than sodium does not
dissipate a significant (>2%) portion of the en-
thalpy. For somewhat greater accuracy, the emis-

sion of the soaium doublets at 568.nm and at 616 pin

could have been included.
Sodium D Line Emission

In the usual case where the concentration of
emitters is low enough such that reabsorption is
negligible, the increase in intensity of a beam
traveling from one side of the plume to the cther
is given by

= %%ﬁ exp(-hc/AakT),

T

1
r

Qo

wWhere

is Planck's constant

is Boltzmann's constant
is the velocity of lignt
is the wavelength

> 0 X T

13
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v is the natural emission 1ifetime, and
N is the number of emitting atoms or
molecules per unit volume.
The total emerging intensity is the integral of
this expression across the plume; i.e. over r,
When N/t is large, or the path is long, re-

absorption must also be considered. Since absorp-
tion is dependent on the beam intensity and on the
probability of absorption, both of which are fre-
quency dependent, the intensity must be computed
over small frequency intervals. Including absorp-
tion, we have {(compare Eqn. 25, Ref. 18):

_ hc =

a1, . L 2% d
dr AGua ¢

i
A

¥

|

= %% exp(-hc/AkT)  (3)

N

|

o

where IA represents the intensity in unit wave-
iength interval centered at A, B = A%/2hct is the
Einstein transition probability per unit frequency
for absorption, and dN/dx is the number density

of enitting or absorbing atoms per unit wavelength.

Wa vewri‘e this as

dIA .
rrat 'kA[IA - Ix(eq)], (4)
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K = AL dN
A 8xcrt da

is the absorption coefficient at wavelength A, and
IA(eq) is the beam intensity at thermodynamic
equilibrium in the wavelength interval A to x + di.
The total intensity IA emerging from the flare
plume will be approximately the integral of Eqn. (4)
across the piume (along r) provided that vari-
ations in temperagture anu emitter density along
the plume length parallel to x are not too abrupt.
In a real flare the light path traverses re-
gions with temperatures ranging from very high to
ambient, which causes an absorption dip at the cen-
ter of the spectrum of the 1line. For the purpose
of including this feature in our calculation of
the emerging Na D radiation we will make an ex-
ception to our basic assumption of uniform proper-
ties across the plume. We approximate the real
situation by assuming that surrounding the plume,
whose local diameter is 11, ic a thin sheath of
thickness 12, and zero temperature, and which has
the same sodium atom councentration as within the
plume, (Light emission at ambient temperature is
negligible. The use of zero temperature is alge-
braically much simpler). Light reabsorbed here will
be considered as not lost to the plume enthalpy.

15
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Equation (4) then integrates to

I, = I,{eq) exp(-k, 1 )(1 - exp(-k, 1)) (5)

Subscripts 1 and 2 refer to the hot and cold paths,
respectively.

To get the total intensity we must integrate
Eqn. (5) over all wavelengths. To do this we need
dN/dx, in the expression for kx’ i,e. we need to
know the line shape.

Although the line shape is strongly influenced
by both collision broadening and Doppler broaden-
ing, the effect of the latter becomes negligible
in the wings of the line, which is where nearly
all the radiation emerges for the high sodium
atom densities typical of illuminating flares.

We may then assume a Lorentzian line shape, so that

2/8)
T+ [2(x -2 )78x 17

dn _ N
da ™

where A is the half-width at half height for the
line as broadened by collisions, and X, is the wave-
length at the line center.

On substituting this formula for dN/dx into kx
and in turn into Eqn. (5), an expression was ob-
tained which could not be integrated in closed or
in series form. A numerical integration would have

16
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been possible, but since AX s ]1 and 12 vary at

each point along the combustion path, the integra-
tion would have to be repeated many times, and would
increase the costs of computation.

Since only the far wings of the line contri-
bute significantly to the emerging 1ight intensity
we can make some approximations:

(1) Combining the abcve expressions for kx
and dN/dA we obtain

ky = ko/[Z + (2(x - 2 )/82 )77

kO = L4N/4n2cTAAL is nearly constant over the line
and equals che absorption coefficient at the center
of the 1line when X = Age

For mathematical simplicity we use the same
values of #x_and N (and hence of kx) in the hot
and cold regions. This approximation is not
serious in regard to Ax, since it is only weakly
cdependent on temperature, because the line is pres-
sure broadened. N varies much more drastically.

On the other hand, the coid portion of the path
must be relatively ionger a+ Tower temperatures.
Therefore we will consider 11 and 12 as being ef-
fective lengths rather than actual distances.

Since we will use the values of AX, and N
computed from the high temperature properties, the
error will be in the estimation of the absorpfion
dip. Since this dip is only about 20% of the total

17




(e PR S o, TP S T DA rmma? e el e AR

S e o o eewfen AT DTN MG W H o

intensity, errors in its calculation do not seri-
ously affect the estimation of total output.

(2) It can be shown from Eqn. (5) that there
is a maximum in IA as a function of ¥, and that
the wavelength - at this point is given by

AA k 1 %
A, = A= & —pE ot -1
m " Ao z \n(T /7, + 1)

In evaluating the right side of this equation we
can, to a good first approximation, set A = Ay
in the expression given earlier for ko.

In the limit

- A

*m o
] —_0
ko.1 >> 5 X 1n(11/12 + 1)

we have

2
] ~/A- A, V{1 1+ 1)
x“\x-a) T ‘
m o]

1

The inequality expresses the condition that the
optical thickness at line center should be much
greater than 10, where unit optical thickness is
defined as attenuation by the factor e. This should
be true for most cases of practical interest,

18




We let r = 11/12 and y = (2 - Ao)/(xm - AO),
Substituting into the expression for k, and into
Eqn. (5) and integrating over XA we obtain

TR

I = IA(eq)(Am - Aoy{;
<[1 - (r+ )" 18y (6)

(3) Since the integral depends only on r,
if we assume a constant ratio of hot path length
to cold path length in the plume, we need perform
the integration only once.

Since we assume that the line shape is domina-
ted by collision broadening we evaluate the line
width by:

- %
ax, = (223%0 *N /ac) [2aRT(I/M_+ 1/M )]

(compare Eqn. (104) of Ref. 18), where
o is the cross section for transition due to
collisions,
N is the number density of all molecules,
M is the atomic weight of the emitting atom
or molecule
M2 is the average molecular weight of the gases
(in the plume)
Taking o, ® = 50 x 107'® cn® (Ref. 18 p. 171),
M, =30, t = 107 sec, » =5.89 x 107° cm, N_ =
Avogadro's number x PV/RT, and using the known

19

A e e o b ot < = = va—




AT
. zfl‘ .

Y TR o

values of h, ¢, k, R, and M1 we obtain

1,(eq)(n, - A,) = 122[exp(-24416/DINPT_//Tin(r + 1)1*

in ergs sec” ' cm~®, Thus the total intensity may

be evaluated from Eqn. (6).

It is interesting to note that with the approxi-
mations used,the total emerging intensity is pro-
portional to the square root of sodium atom concen-
tration (N) and path length (11), rather than to
the first power of these variables as in the op-
tically thin case.

The simplifications made in deriving the
radiative transfer equations of this section are
based on the assumption of a high optical den-
sity--as stated earlier, an optical density much
greater than 10 at line center. We may con-
veniently estimate these optical densities from the
depth of the absorption dip in the spectrum of the
broadened 1ine. An examination of broadened
sodium D spectra taken by Douda'® over a variety
of ambient nressures and sodium concentrations
jndicates that this treatment will not hold well
enough for ambient pressures less than about 30
Torr at high sodium content or 150 Torr at a 5
percent NaNOa content.

Graybody Emission

As is well known, graybody radiation is
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proportional to the area of emitting surface, the
surface emissivity, and the fourth power of the
temperature.

In a smoke, surface area ﬁay refer to either
the total area of all the particles or the area
of the periphery of the cloud, depending on whe-
ther the cloud is optically thin or thick, respec-
tively. Computations indicate that typical
magnesium oxide smoke clouds are highly reflective
and therefore may be considered as optically thin.

Since we lacked sufficient information about
particle sizes or the emissivity {(and its tem-
perature dependence) of the magnesium oxide pro-
duced we have‘expressed the time rate of gray-
body radiation loss per unit weight of original
composition®® by the simple product aT*, where a
is a constant to be determined by trial, and “is
valid whenever magnesium oxide is the principal
condensed phase produced.

A further calculation compares this radiation
with the blackbody radiation which a flare plume
of this size would emit (if the smoke were op-
tically dense). The ratio is generally about
0,1. It can be thought of as the "emissivity"
of the p